Incremental improvements in the treatment of children and adolescents with cancer have led to 5-year survival rates reaching nearly 85%. In the past decade, impressive progress has been made in understanding the biology of many pediatric cancers. With that understanding, multiple new agents have become available that offer the promise of more-effective and less-toxic treatment. These include agents that target various cell surface antigens and engage the adaptive immune system, as well as those that interfere with key signaling pathways involved in tumor development and growth. For local control, surgery and radiation techniques also have evolved, becoming less invasive or featuring new techniques and particles that more precisely target the tumor and limit the dose to normal tissue. Nevertheless, targeted agents, like conventional chemotherapy, radiotherapy, and
INTRODUCTION
Almost 85% of children diagnosed with cancer will become long-term survivors. 1 Nevertheless, many cancers remain difficult to treat, with survival rates , 70% (Fig 1) . Other cancers are highly curable but still rely on treatments that cause significant long-term toxicities. In recent years, a better understanding of the biology of many pediatric cancers has led to the development of multiple new agents that offer the promise of more-effective and less-toxic treatment (Table 1) . For local control, surgery and radiotherapy also have evolved, becoming less invasive or featuring new techniques and particles that more precisely target the tumor and limit the dose to normal tissues. Nevertheless, targeted agents, like conventional chemotherapy, radiotherapy, and surgery, may have off-target effects, and it will be important to follow children long-term for incidental late effects and to develop precision survivorship. This is survivorship that incorporates host genetics and statistical approaches that improve clinicians' and patients' understanding of the potential trade-offs between different treatment regimens with similar oncologic efficacy but varying toxicity profiles.
EVOLVING APPROACHES FOR PEDIATRIC CANCER TREATMENT

Hematologic Malignancies
Although outcomes for pediatric leukemia and lymphoma have improved substantially due in large part to combination chemotherapy, acute myeloid leukemia (AML) and relapsed disease in general remain difficult to cure. However, new targeted agents are leading to promising options for some of these patients. An initial success came in Philadelphia-positive acute lymphoblastic leukemia (Ph-positive ALL), where imatinib plus chemotherapy improved the 3-year event-free survival to 80% (v 35% historically). 2 Many of these patients are now able to avoid hematopoietic cell transplantation. With the discovery of a large subset of patients with high-risk ALL with gene expression profiles similar to Ph-positive ALL, current studies are now incorporating tyrosine kinase inhibitors (TKI) with up-front chemotherapy. 3 Combining TKIs with conventional chemotherapy is also occurring in AML and lymphoma treatments. On the basis of promising adult data, 4 sorafenib is being tested in children with newly diagnosed AML with FLT3-internal tandem duplication mutations. Crizotinib, a TKI with specificity for anaplastic large-cell kinase, has demonstrated 90% response rate with durable remissions as a single agent in children with relapsed anaplastic large-cell lymphoma. 5 Adding antibodies to chemotherapy also is improving the treatment of leukemias and lymphomas. In mature B-cell lymphoma, rituximab plus chemotherapy conferred a 1-year eventfree survival rate of 94.2% versus 81.5% with chemotherapy alone. 6 Brentuximab, an antibody drug conjugate targeting CD30, has shown high response rates in both anaplastic large-cell and Hodgkin lymphomas and has largely become standard of care for relapsed and refractory Hodgkin. 7, 8 It is now being tested as part of up-front treatment. Gemtuzumab ozogamicin (CD33 with calicheamicin) has been making a resurgence in the treatment of AML, 9 and the development of inotuzumab ozogamicin (CD22 with calicheamicin) is showing promise in ALL. 10 Antibody therapy targeting immune checkpoints may also become more commonplace. Pembrolizumab targets programmed cell death protein 1 (PD-1) and has been approved by the US Food and Drug Administration for refractory or relapsed Hodgkin lymphoma, while ongoing studies are investigating both PD-1 and cytotoxic T-lymphocyte associated protein 4 (CTLA4) inhibition.
T-cell-based immunotherapy is also undergoing intensive investigation. In phase II studies, blinatumomab, a bispecific antibody targeting both CD19 and CD3 (which facilitates T-celldirected killing of CD19-positive leukemia cells), has demonstrated a 27% complete response.
11 Alternatively, genetically engineered chimeric antigen receptor (CAR) T cells allow for the direct targeting of tumor cells, with the potential for lifelong activity through in vivo persistence of the CAR T cells. Trials in relapsed pediatric ALL have shown complete remission rates . 80%, and CAR T-cell technology is being applied to target other liquid tumors as well.
12-14
Solid Tumors
Outcomes for pediatric solid tumors also have improved over the past decades. However, significant disparities remain, and treatment of patients with metastases or relapse remains challenging. Nevertheless, treatment of high-risk neuroblastoma exemplifies how a deeper understanding of tumor biology can improve survival. On a backbone of cytotoxic chemotherapy, radiotherapy, and surgery, dinutuximab, a monoclonal antibody targeting disialoganglioside GD2 expressed on neuroblastoma, combined with immunomodulatory (aldesleukin, sargramostim) and differentiating (isotretinoin) agents, have improved the 5-year overall survival of children with high-risk neuroblastoma from , 30% to approximately 50%. 15, 16 However, acute toxicities are extensive, including capillary leak and neuropathic pain.
Clinical trials have recently demonstrated that identifying genomic alterations in pediatric solid tumors and selecting appropriately targeted therapy are feasible. 17 The National Cancer Institute and the Children's Oncology Group are conducting Pediatric MATCH (Molecular Analysis for Therapy Choice), a phase II basket trial, in which patients with relapsed solid tumors receive drugs paired to specific tumor molecular abnormalities (Fig 2) . 17 Other targeted agents being tested in children include larotrectinib for infants with fibrosarcoma or mesoblastic nephroma harboring NTRK fusions
18
; crizotinib for neuroblastoma, anaplastic large-cell lymphoma, or inflammatory myofibroblastic tumors associated with anaplastic lymphoma kinase aberrations 5 ; and the RET inhibitor vandetanib for medullary thyroid cancers associated with multiple endocrine neoplasia 2B and germline RET mutations. 19 The drug development paradigm for targeted agents encourages aggressive symptom management of on-target toxicity, because manifestation of these toxicities can sometimes correlate with increased drug efficacy.
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Investigation of immune checkpoint inhibitors is ongoing. 21 Thus far, serious immune-related toxicities observed in adults seem to be less common in children. 22, 23 However, duration of exposure of these inhibitors in children has been limited to date. New cytotoxic agents with novel mechanisms of action, such as selinexor, 24 or new formulations of existing cytotoxic agents, such as doxorubicin, 25 irinotecan, 26 or tubulin-binding agents, 27 are in clinical trials. Antibody drug conjugates that target highly potent Abbreviations: CAR, chimeric antigen receptor; CDK, cyclin dependent kinase; CTL4, cytotoxic T-lymphocyte associated protein 4; HDAC, histone deacetylase; MAPK, mitogen activated protein kinase; mTOR, mechanistic target of rapamycin; PD-1, programmed cell death protein 1; PDGFR, platelet-derived growth factor receptor; PDL-1, PD-1 ligand; PI3K, phosphatidylinositol 3-kinase; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor. *Toxicities that may persist well after cessation of therapy or develop later.
jco.org cytotoxic drugs to cell surface receptors such as lorvotuzumab mertansine (linking an antimitotic agent, DM1, to an anti-CD56 antibody) also are in development. 28 As new agents emerge for pediatric solid tumors, it will be essential to systematically follow patients long term to determine if there are significant expected and unexpected late effects. An example of this is the Children's Oncology Group study ALTE15N2 (ClinicalTrials.gov identifier: NCT03057626), which seeks to determine the full spectrum of late effects in the emerging generation of high-risk survivors of neuroblastoma treated with contemporary therapy.
Radiotherapy
Although use of radiotherapy has declined, it remains an essential part of treatment of many pediatric cancers. 29, 30 Children treated with radiotherapy are most commonly given external beam radiation, although brachytherapy, radioisotopes, or combinations of these continue to be appropriate in select settings. The delivery of external beam radiation has been refined with conformal techniques that use modern imaging methods (primarily computed tomography) to provide three-dimensional definitions of the target and surrounding normal tissues and information about tissue density and depth from the skin. Radiation beams are then created that conform the dose distribution to the target.
Intensity-modulated radiation therapy (IMRT) is a threedimensional conformal radiation therapy planning and delivery tool that more precisely shapes the radiation dose distribution around the target, which can help further decrease the dose to adjacent normal structures (Fig 3) . With IMRT, the physician determines radiation treatment parameters to maximize dose to the target and minimize dose to normal tissues, and the planning algorithm optimizes the adherence to these parameters by modifying the beam spatially and/or temporally. However, IMRT generally results in a greater deposition of low doses to normal tissues surrounding the target (because of the multiple beams used; Table 2) . 31 This conceptually could increase the risk of second malignancies. However, clinical data supporting this concern are lacking, whereas the general concept that decreasing dose to adjacent organs is beneficial has been validated.
32,33
Standard radiation is delivered with photons created by linear accelerators. Another approach is charged-particle irradiation (eg, protons). Charged particles stop abruptly in tissues, so there is less exit radiation dose through normal tissue. Although theoretically promising (Fig 3; Table 2 ), 34 the benefits of protons in reducing radiation-associated malignancies and other late effects remain under study. 31, 35, 36 Moreover, the energy deposition into normal tissues with the use of proton therapy is still being studied; increased energy deposition (or its biologic consequences) may be responsible for adverse effects. 37 PENTEC (Pediatric Normal Tissue Effects in the Clinic) is a key initiative within the radiation oncology community to develop evidence-based guidelines for radiation dose-volume tolerances in multiple organ systems of children. These guidelines will consider the age-associated vulnerability of these normal tissues to the effects of radiation plus the impact of chemotherapy, surgery, and host genetics. 38 Moreover, the possibility that radiation can augment systemic immune responses is being explored.
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Surgery
Surgical procedures performed for the diagnosis, staging, and treatment of childhood cancer can lead to long-term functional consequences, disfiguration with psychosocial impact, and lateoccurring complications. A desire to minimize this impact and preserve long-term quality of life has been implicit within many modern surgical trends. These include advancements with laparoscopy and thoracoscopy, limb salvage procedures, and imageguided biopsy techniques. Relative to open operations, laparoscopy and thoracoscopy can minimize long-term effects by improving functional outcomes (eg, improved chest wall growth/function), limiting psychosocial impact (eg, smaller scars/less disfiguration), and minimizing the frequency of late complications (eg, late intestinal obstructions known to occur in 5% of children with abdominopelvic tumors). 40, 41 In addition, advancements in limb salvage techniques, now possible in . 80% of cases of osteosarcoma at specialized centers, may improve long-term function for children with extremity tumors. 42 This includes use of expandable internal prostheses and novel operations such as rotationplasty. 43 Finally, improvements in image-guided biopsy techniques and pathologic interpretation have reduced the need for large, morbid operations for diagnosis or staging, sparing children the potential long-term consequences of these procedures. 44 However, as surgical techniques evolve to reduce long-term effects, it is critical to ensure that oncologic outcomes are not compromised. This includes studying the use of laparoscopy/ thoracoscopy for Wilms tumor and osteosarcoma pulmonary Abbreviations: 3D-RT, three-dimensional conformal radiotherapy; m-RT, compared with conventional 3D-RT, more modern modalities, such as intensity-modulated and related techniques; PT, proton therapy; RT, radiotherapy; V20, volume receiving $ 20 Gy. *Negative value favors the former v latter modality; positive value is the opposite. For example, 21.4 Gy for heart m-RT v 3D-RT means that on average, use of an m-RT plan reduced heart dose by 1.4 Gy compared with a 3D-RT plan. jco.org metastases. 41, 45 Verification that long-term functional and psychosocial outcomes truly are superior (eg, limb-sparing techniques v amputation) also is necessary.
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POTENTIAL NEW LATE EFFECTS
Endocrine
Select endocrine late effects are beginning to emerge among children treated with targeted agents. TKIs have been associated with growth deceleration and alterations in bone mineral and thyroid metabolism. Children treated with imatinib for chronic myeloid leukemia (CML) have demonstrated varying degrees of growth restriction. Effects on growth seem to be more significant when treatment is initiated before puberty. 47 The mechanism for the growth deceleration is unclear, but may be due to disrupted growth hormone signaling, inadequate signal transduction through the insulin-like growth factor 1 (IGF-1) receptor (a tyrosine kinase receptor), or inhibition of platelet-derived growth factor receptor signaling and disrupted chondrocyte recruitment at the growth plates. 48 Off-target inhibition by TKIs of platelet-derived growth factor receptor and the macrophage colony-stimulating factor receptor c-fms may alter bone remodeling by affecting the differentiation and activity of osteoblasts and osteoclasts. 48 Reduced serum calcium and phosphorus levels, vitamin D deficiency, and secondary hyperparathyroidism have been noted in children with CML receiving imatinib. 49 However, these derangements do not always correlate with low bone mineral density. 50 Further studies are needed to elucidate any loss of final adult height in children treated with imatinib. However, routine measurements of IGF-1 or formal growth hormone stimulation testing are not currently recommended, particularly given concerns about growth hormone exposure during active cancer treatment.
Although case series in children treated with imatinib have reported normal thyroid function, other TKIs may affect thyroid function. In adult studies, nilotinib, dasatinib, sunitinib, and sorafenib have been associated with de novo hypothyroidism, variably preceded by hyperthyroidism. 51 Children receiving TKIs should have their thyroid function closely monitored.
At present, the effects of targeted agents on male and female reproductive function are largely unknown. In CML, pregnancy presents specific management and therapeutic challenges. There are limited data on the safety of TKIs in pregnancy and their effects on fertility. There have been some reports of congenital malformations and spontaneous abortions associated with imatinib therapy. 52 There are also concerns that inhibitors of angiogenesis (eg, bevacizumab, a vascular endothelial growth factor [VEGF] inhibitor) may affect ovarian follicle development. 53 It will be important to assess long-term gonadal function and fertility of patients receiving new targeted agents. Patients of childbearing age should be made aware of established fertility options that are available, including semen cryopreservation, ovarian or oocyte retrieval and storage, and embryo cryopreservation. 54 Finally, late endocrine effects of immune checkpoint inhibitors in children are unknown, but these agents have been associated with hypophysitis and anterior pituitary deficiencies in adults. 55 Thyrotropin deficiency has been the most common, followed by adrenocorticotropin and gonadotropin deficiencies. Although thyrotropin deficiency may resolve, adrenocorticotropin deficiency often persists and requires long-term steroid replacement.
Cardiovascular
Although left ventricular dysfunction/cardiomyopathy and accelerated atherosclerosis are known complications of anthracyclines and chest radiation, respectively, 56 the late cardiovascular effects of novel agents described above remain largely unknown in survivors of childhood cancer. Most cardiovascular events reported in adult patients with cancer have typically occurred while receiving therapy or soon after. TKIs, particularly latergeneration agents such as nilotinib, dasatinib, and ponatinib, have been associated with an increased risk of pulmonary hypertension (dasatinib) and vascular events (particularly ponatinib), including myocardial ischemia, peripheral arterial occlusive disease, and stroke. 57 Crizotinib has been associated with arrhythmia in adults.
58 VEGF inhibitors (eg, bevacizumab) and TKIs with anti-VEGF activity (eg, sunitinib, sorafenib) have been strongly associated with hypertension in adult patients and, less commonly, thromboembolic events and heart failure.
58 Hypertension with these agents has only been occasionally reported in pediatric patients, but nowhere near the rates seen in adults. 59 Mechanistic target of rapamycin inhibitors (eg, temsirolimus) can cause dyslipidemia and hyperglycemia. 60 Finally, rare autoimmune myocarditis has been reported after immune checkpoint inhibitor therapy in adults.
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Increased emphasis also has been placed on developing less cardiotoxic versions of conventional cytotoxic agents and effective prevention strategies. Given data that traditional cardiovascular risk factors (eg, hypertension, dyslipidemia, diabetes) synergistically potentiate the cardiotoxic effects of anthracycline and radiation therapies in children, 62 improved control of these conditions should be a focus of survivorship efforts.
Immunologic
B-cell depletion occurs with agents that target B-cell antigens (eg, rituximab, blinatumomab). Although B-cell aplasia is usually short term, there is a potential for long-term B-cell aplasia in patients who have CAR T-cell persistence.
12-14 The health impact of prolonged B-cell aplasia is unclear but believed to be minimal so long as affected patients receive ongoing immunoglobulin replacement to minimize infectious risks. However, long-term financial costs may be important as these treatments become more widespread. To date, there have not been any reports of lymphoproliferative disorders or secondary malignancies directly related to CAR T-cell products. In addition, with gene therapy as a new field, it is possible new late effects will be uncovered. Finally, even conventional cytotoxic therapy may be associated with alterations in immunity that persist well after neutrophil recovery (eg, selective B-and T-cell subpopulations may remain depressed years after therapy). 63 Adding immune-modulating therapies may further affect normal immune reconstitution.
Development of Precision Survivorship
Five-year survival is a common oncology benchmark. However, with most children expected to survive decades after therapy, consideration of longer-term health quality should be emphasized. Metrics such as the cumulative burden of disease may provide a more complete picture of long-term health after cancer therapy. 64 Given the interindividual variation in risks of late effects, further insights also may arise from genomics (Table 3) . Largescale genome-wide association studies have identified potential markers for multiple adverse outcomes, including cardiotoxicity, 65, 66 secondary cancers, 67,68 ototoxicity, 69 and reduced ovarian reserve.
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Using such genetic information may eventually help predict risk, individualize therapy, and reduce adverse outcomes among children with cancer. However, many genetic findings need to be replicated, and there needs to be alternative but similarly effective cancer treatments for those at increased genetic risk for toxicities associated with standard treatment. Although randomized clinical trials have been the gold standard for the investigation of new therapeutic approaches, the rarity of childhood cancer and the long latency needed to observe late effects limit the feasibility of prospective trials to evaluate a precision-medicine approach to survivorship. By synthesizing evidence from all available sources, including randomized trials, observational studies, meta-analyses, and expert opinion, decision models can provide a valuable analytic framework for simulating health outcomes associated with various treatment and follow-up strategies. 71 Decision models have been used by the US Preventive Services Task Force to inform evidence-based recommendations, including the screening of common adult cancers and chronic disease prevention approaches.
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Decision models may be particularly well-suited to estimate the benefits, risks and trade-offs associated with alternative treatment approaches for childhood cancer, where short-term efficacy and late toxicity risks are uncertain, but informative data from large survivor cohort studies are available to augment expert opinion. Such models are typically based on outcomes such as life-years or quality-adjusted life-years and could also incorporate genetic information that enhances prediction of individual late effects.
In conclusion, although the majority of new agents are still primarily being tested in patients with relapsed disease as part of phase I and II studies, over time some agents will demonstrate sufficient promise to become more widely used in patients with newly diagnosed disease. Drugs such as imatinib, blinatumomab, brentuximab, dinutuximab, gemtuzumab ozogamicin, rituximab, and sorafenib have already achieved this milestone in pediatric oncology. Similarly, growing numbers of children are being treated with IMRT and proton therapy and experiencing lessinvasive surgeries. Although these new agents, surgical and radiation techniques, and their combinations offer the promise of improving cancer outcomes for children, they may have unanticipated late effects. Children tend to have fewer medical comorbidities but also developing bodies, which impact their vulnerability to therapy and can make extrapolations from adult data problematic. Therefore, it will be important to maintain long-term follow-up of children being treated with these new technologies, particularly because the numbers of children exposed to any single agent or modality may be more limited than those treated historically when there were fewer therapeutic options. Resources to enable long-term follow-up are critical, because most oncology clinical trials have limited follow-up and focus more on acute toxicities. Leveraging population-based cohorts and registries can also help. Given the rarity of pediatric cancers, international collaboration is essential, particularly as treatments become more refined and individualized on the basis of tumor and host biology. 73 Development of classification systems explicitly for late effects may increase the comparability of outcomes among future studies. 74 Finally, with the advances in precision medicine, the concurrent development of precision survivorship is the logical outgrowth of efforts to better understand the spectrum of late effects, genetic susceptibility, and individual family/patient preferences toward the potential risks, benefits, and tradeoffs associated with different cancer treatment choices. NOTE. Only studies based on human samples, as identified from PubMed as of November 1, 2017; studies based only on cell lines or drug pharmacokinetics are not listed. Abbreviation: PMID, PubMed.gov identification number. *Includes studies that reported null findings. †Polymorphism in the gene has been associated with the phenotype in at least one separate sample/population. ‡Studies where the population was . 50% survivors of childhood cancer. §Evidence for an association from in vitro (i.e., functional) experiments.
